We have investigated the magnetic properties of molybdenum-doped ͑0-5 wt %͒ indium oxide films deposited on ͑100͒ MgO substrates using pulsed-laser deposition technique. Interestingly these films were found to reveal room-temperature ferromagnetism, where the magnetization increases with Mo doping. The maximum saturation magnetization of ϳ6.6 emu/ cc was found for ϳ5 wt % Mo doping, providing approximately five times enhancement in comparison to the undoped film. We believe that this enhancement is ascribed to the magnetic moments of Mo ions occupied in the In sites. © 2009 American Institute of Physics. ͓doi:10.1063/1.3232243͔
Interest in ferromagnetism in normally nonmagnetic semiconducting materials was triggered by the theoretical prediction of room-temperature ferromagnetism in various dilute magnetic semiconductors. 1 The possibility of ferromagnetism in oxides film 2-4 has attracted a great deal of interest following the report of ferromagnetism in Co doped TiO 2 .
Since that time, many systems have been reported to exhibit room-temperature ferromagnetism, including oxides without any dopants such as HfO 2 , TiO 2 , and In 2 O 3 . 5 The origin of this magnetism is a matter of considerable debate. Magnetism in oxide materials derived by doping them with the magnetic elements, Fe, Co, and Ni, [6] [7] [8] [9] [10] must be treated circumspectly because of the possibility of cluster formation.
The 4d transition metals are not magnetic in their bulk phases. However, Medvedeva 11 has recently predicted that Mo atoms incorporated in the In͑1͒ or In͑2͒ sites in In 2 O 3 would be magnetic. 12 Motivated by this theoretical prediction, we have investigated the magnetic properties of In 2 O 3 ͑IO͒ films doped by Mo.
The films were prepared on ͑100͒ MgO substrates at 450°C using a pulsed laser deposition ͑PLD͒ technique. Targets of undoped ͑99.99% purity͒ and 3% and 5% Mo-doped ͑99.95% purity͒ In 2 O 3 were used to prepare the films. The targets were ablated by a KrF excimer laser ͑ = 248 nm͒ operating at 2 Hz with an integrated intensity of 0.3 J / cm 2 . The structures of the films were characterized by -2 x-ray diffraction ͑XRD͒ using a 12 kW Rigaku diffractometer ͑model D/MAX-RC͒. Rutherford backscattering ͑RBS͒ measurements were carried out to detect the possible existence of magnetic impurities as well as to determine the In and Mo composition ratio. The magnetic properties were investigated using an alternating gradient magnetometer. We have also carried out magnetoresistance ͑MR͒ measurements to investigate any spin-dependent transport behavior. Figure 1 shows -2 XRD patterns of 100-nm-thick undoped and 5% Mo-doped IO films. The patterns are very similar. In both cases the diffraction peaks are relatively sharp, indicating the high degree of texture of the films and the XRD data are consistent with the cubic bixbyite structure of bulk IO. The peak observed at 2 = 43.0°corresponds to the ͑200͒ MgO peak from the substrate. The diffraction peaks corresponding to bulk Mo were not detected within the resolution of the diffractometer. It is interesting to note that the diffraction peaks of the Mo-doped IO slightly shift to higher angles, compared to those of the undoped IO, resulting in a smaller lattice constant of the Mo-doped IO. The lattice constants of the undoped and 5% Mo-doped IO films are determined to be 10.114 and 10.107 Å, respectively. Assuming that the Mo atoms occupy the In sites within the IO lattice, this is understandable because the radii of the Mo ions ͑R Mo 3+ = 0.83 Å, R Mo 6+ = 0.73 Å͒ are smaller than that of the In 3+ ion ͑R In 3+ = 0.94 Å͒. In Fig. 2͑a͒ we present magnetization versus applied magnetic field ͑M-H͒ curves of the 3% and 5% Mo-doped IO films, together with the undoped film, measured at 300 K. All films have the same nominal thickness of 100 nm prepared without any ambient oxygen in the PLD chamber. Interestingly, Fig. 2͑a͒ shows that all samples clearly reveal hysteric behavior, demonstrating the existence of ferromagnetism. All films were found to have a Curie temperature above 300 K. The ferromagnetic behavior observed in the undoped IO film is quite similar to the experimental data a͒ 5 The ferromagnetism observed in oxide films is often ascribed to oxygen vacancies. 13 To check this possibility we fabricated undoped IO films in a high oxygen environment of P O 2 = 0.2 mTorr. This should mitigate the formation of oxygen vacancies. Consistent with this hypothesis we found that the ferromagnetism completely disappeared in these samples.
For the range of Mo concentrations that were studied ͑up to 5 wt %͒ the magnetization was found to increase monotonically with increasing Mo doping as shown in Fig.  2͑b͒ . Even in the IO film without any Mo doping, ferromagnetism was observed. The saturation magnetization M s of the undoped film was 1.4 emu/cc. This was increased by approximately a factor of 5 in the 5% Mo-doped IO, becoming ϳ6.6 emu/ cc. The possibility of magnetic impurities, e.g., from Fe, Co, and Ni, was ruled out by RBS measurements which confirmed that none of these 3d transition metal elements were present in the films within the resolution of Ϯ0.5%.
We consider that oxygen vacancies cannot completely account for the increased moment in the Mo doped IO films because the magnetic properties of these films are not much affected by the oxygen pressure used during their fabrication. An example is given in Fig. 2͑c͒ in which the magnetic properties of a 5 wt % Mo-doped IO sample prepared under a high oxygen pressure of P O 2 = 0.2 mTorr are compared with those of a film prepared under a low oxygen pressure of P O 2 =3 Torr. The remnant and saturation magnetizations of the latter sample are reduced by only ϳ10% compared to the sample prepared under a low oxygen pressure, indicating that oxygen vacancies are not the major origin of the ferromagnetism. [14] [15] [16] These results are in sharp contrast with those of the undoped IO films, where the ferromagnetism is mainly due to oxygen vacancies.
We believe that the enhancement in the magnetization of the Mo-doped sample is ascribed to Mo atoms occupied in the In sites. The cubic bixbyite structure of IO consists of an ordered array of oxygen vacancies. The unit cell contains 8 formula units of In 2 O 3 with 16 In atoms: 4 and 12 of these In atoms occupy, respectively, the In͑1͒ and In͑2͒ sites. The In͑1͒ sites are at the centers of trigonally distorted oxygen octahedra and the In͑2͒ sites are the centers of tetragonally distorted oxygen octahedral. 17 Our XRD studies show that the Mo-doped films are single phase with the cubic bixbyite structure. The Mo atoms are expected to occupy the In͑1͒ or the In͑2͒ sites.
11 Each Mo +3 ion occupied in the In͑1͒ site is predicted to have a moment of 1.85 B whereas the moment of Mo +3 ions in the In͑2͒ sites is predicted to be 1.32 B .
11 Assuming all the Mo atoms occupy the In͑1͒ sites, the saturation magnetization of a 5 wt % Mo-doped IO is estimated to be 0.8 emu/cc, which is nearly an order of magnitude smaller than our experimental observations.
The MR of the films was measured by applying a magnetic field in the plane of the films. Figure 3 shows a typical MR versus applied magnetic field ͑H͒ for a 5 wt % Modoped IO film measured at T = 10 K. As can be seen in the figure, a negative MR is observed for fields up to Ϯ5 T reaching ϳ−0.17% at the highest fields. Since no MR was found in the undoped IO films the observation of MR in the Mo-doped IO film reveals spin-dependent transport. [18] [19] [20] [21] We attribute negative MR to be due to electron scattering by spin disorder. The small remnant magnetization, as shown in Fig.  2͑a͒ , indicates that the moments are not well ordered in the remnant state. Thus, as the magnetic field is increased, these spins will become increasingly aligned, thereby decreasing spin disorder scattering. 22 Hence, the resistance is expected to become smaller with increasing H, resulting in the observed negative MR.
In conclusion, we have found room-temperature ferromagnetic characteristics in Mo doped indium oxide films prepared on ͑100͒ MgO substrates by pulsed-laser deposition. We conclude that the magnetism in the Mo-doped films arises from moments on the Mo atoms themselves consistent with a theoretical prediction. 
